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Natural products serve as a major resource for many pharmacologically-active
drugs1 found in the market today.2 Using natural products as medicines, however, is
associated with many limitations such as availability and isolation.3 An alternative to this
is the synthesis of these compounds, which can be done using two different approaches:
(1) Total synthesis of the molecule,4 and (2) A semi-synthetic approach.3-5 Total synthesis
generally involves synthesis of the target molecule by assembling the ring systems or the
core skeletal framework of the natural product. There are numerous methods reported in
the literature for the synthesis of these ring systems. Despite this, there is always a quest
for new methods; methods with improved efficiency in terms of chemo-, regio- and
stereoselectivities.2 As a result, new synthetic tools are needed to address these issues.
These new tools can be the development of new catalysts, new techniques, or innovative
methodologies, which will allow new transformations and aid in the synthesis of complex
natural products.6
In recent years small, strained molecules such as cyclopropanes, cyclobutanes and
cyclopropenes, have been successfully employed for the synthesis of complex ring

systems. In this dissertation a new method to access certain carbocyclic and heterocyclic
ring systems using cyclopropanes as building blocks will be presented. This involves
synthesis of novel cyclopropanes by intermolecular reaction between substituted styrenes
and different alpha-arylmethyl-alpha-diazo compounds in the presence of Rhodium
catalysts. The challenge in the synthesis of these cyclopropanes is that these diazo
compounds are notorious for undergoing beta-hydride elimination reactions, thus limiting
their use for intermolecular reactions. In this study, we aim to synthesize the proposed
cyclopropanes in good yields while minimizing, if not completely eliminating, the betahydride elimination reaction. The first half of the thesis discusses the different
approaches taken to synthesize the desired cyclopropanes with limited success. However
using Rh2 (S-PTTL)3 TPA as the catalyst and optimizing the reaction conditions allowed
us to synthesize these cyclopropanes in moderate to good yields. The second part of the
thesis focuses on the study of ring opening reactions of the cyclopropanes synthesized
using various Lewis acids.
.
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CHAPTER I
INTRODUCTION
1.1

Challenges in synthesis
Efficient construction of complex ring systems is essential for the synthesis of

natural products, molecules of significance in pharmaceutical,3, 5 and agricultural
industries. Synthetic chemistry in recent years has reached an unprecedented level 7
providing synthetic chemists new tools, such as new catalysts, instruments, and synthetic
methodologies. Inspite of this, many challenges still exist in synthetic organic chemistry.
Some of these challenges include efficiency, chemoselectivity, regioselectivity, and
stereoselectivity.2
Synthesis of complex frameworks (ring systems) has always challenged synthetic
chemists and it is for this purpose that chemists are in quest for new and efficient
methodologies to build such frameworks. In recent years small molecules with ring strain
have been successfully employed to build such ring systems.8,9 There are several
examples reported in the literature,10 where small molecules such as cyclopropanes have
been successfully employed to build complex molecular frameworks11 using both interand intramolecular ring opening strategies.12
1.2

Donor-Acceptor Cyclopropanes:
Cyclopropanes are 3 membered, highly strained, relatively stable ring systems.

Since their discovery in 1884 by William Henry Perkin6,13,6, 14 cyclopropanes have
1

attracted much attention over the years. The most commonly reported cyclopropanes in
the literature are shown in Fig 1.1.

Figure 1.1

Types of cyclopropanes

Cyclopropane reactivity can be attributed to the inherent ring strain energy of
these molecules. The major contributor towards this ring strain energy is the angle strain
and the torsional strain being the minor contributor (Fig 1.2).15 Deviation from the
regular C-C-C bond angle of 109.5˚ 16 in the ring leads to the angle strain while the
torsional strain arises when the bonds in the ring are not ideally staggered. The total ring
strain energy, i.e. combined torsional and angle strain, in a cyclopropane is estimated to
be ~28 kcal/mol. The planar carbon framework of a cyclopropane ring can only be
explained by one possible conformation in which all the substituents are eclipsed. This
results in a torsional strain energy of 9 kcal/mole,17 indicating that the majority of the ring
strain is from the angle strain which is arising from its geometry. The C-C-C bond angle
in a cyclopropane is 60˚ which is 49.5˚ less than the desired ideal bond angle of 109.5˚ for
typical an sp3 hybridized orbital. This angle constraint diminishes the C-C orbital overlap
in the cyclopropane by 20% as compared to that seen in the C-C bond of propane, and
accounts for the rest of the 19 kcal/mol strain energy.18
2

Figure 1.2

Torsional and angle strain in cyclopropane6,15

Despite the angle strain, cyclopropanes are chemically inert and need to be
activated. Introducing electron donating and withdrawing groups into the ring, activates
the ring towards polar reactions.11,19 These cyclopropanes with electron withdrawing and
electron donating groups on the vicinal carbon atoms of the ring are the Donor-Acceptor
Cyclopropanes (DACs) (Fig 1.3), the term first introduced by Doyle and Van Leusen in
1982.20 Introduction of donor and acceptor groups on vicinal carbons of the
cyclopropanes creates a push-pull effect in the ring which results in the weakening of the
C-C bond between the carbons bearing these substituents (a) (Fig 1.3). This activates the
ring and opens the gate to a variety of reactions that these molecules can undergo. The
ring opening reactions of these compounds provide access to different straight chain
compounds and various carbocyclic and heterocyclic ring systems.8,9 A lot of work has
been done in recent years in the field of the synthesis and ring opening reactions of
DACs.10b,21 Some of the important work related to the cyclopropanes of interest is being
presented in the sections below.

3

Figure 1.3

1.3

(a) Push-pull effect in donor-acceptor cyclopropanes (b) Zwitterionic
species

Previous work:
Various synthetic routes to access the trisubstituted cyclopropanes have been

reported in the literature, both inter- and intramolecular methods. In many of these
reports, the major limitation of some of the best developed methods is the synthesis of
ester substituted cyclopropanes.22 Bray and Minicone23 have reported the synthesis of
quaternary cyclopropyl esters in good yields, and diastereocontrol by reacting the anion
generated from 2-susbtituted triethylphosphonoacetates with enantiopure terminal olefins
(Scheme 1.1). This method is simple and provides easy access to enantiopure
cyclopropanes in high yields. However, it suffers from the drawback of being applicable
only to terminal epoxides, which limits the substrate scope to great extent in terms of
their commercial availability and synthesis.

Scheme 1.1

Stereocontrolled synthesis of quaternary cyclopropyl ester

4

Synthesis of quaternary cyclopropyl esters through intramolecular ring closure
was reported by Kallemeyn et al.24 In their efficient synthesis, these trisubstituted
cyclopropanes were accessed through an intramolecular ring closure of 4-substutited-4oxy butanoic esters (Scheme 1.2). This method is efficient and provides disubstituted and
certain trisubstituted cyclopropanes in good enantio-and diastereo selectivities. While
bulky t-butyl esters gave good yields, methyl ester derivatives had relatively low yields.

Scheme 1.2

Synthesis of trisubstituted cyclopropanes

The most common strategy for the synthesis of cyclopropanes is through
intermolecular reaction between diazo compounds and alkenes in the presence of a
suitable catalyst. However diazo compounds with α-hydrogens have limited applicability
for intermolecular cyclopropanations since these compounds are highly prone to βhydride elimination (Scheme 1.3). Certain relevant reactions of these diazo compounds in
context to the study performed in this dissertation are discussed in the following sections.

5

Scheme 1.3

1.4

β-hydride elimination of α-alkyl-α-diazo ester

Intramolecular reactions:
There are few examples reported in the literature for intramolecular cyclizations

of α- alkyl α-diazo esters. Work by Padwa and Taber et al. in this field is discussed in the
following section.
1.4.1

C-H insertion reactions:
In 1992 Taber25 reported Rhodium(II) mediated cyclopentane synthesis and the

effect of the ligands at the metal center on the intramolecular C-H insertion over the
competing β-hydride elimination. According to the study, the relative reactivities of
various C-H bonds were empirically26,27 arranged in the following order for C-H insertion
or elimination reactions: tertiary C-H bonds are more reactive than the secondary C-H
bonds which in turn are more reactive than the primary C-H bonds,25 while the aliphatic
sites are more reactive than the benzylic sites with the same substitution.27
Accordingly the reaction of diazoethyl ketone 1 (Scheme 1.4) with Rh(II) catalyst
predominantly gave the desired cyclized cyclopentane 2 (Scheme 1.4) and the competing
side reaction in this case was not the β-hydride elimination product but instead, the diazo
dimer 3.

6

Scheme 1.4

Reaction of Diazoethyl ketone 1 in presence of Rh(II)25

As mentioned earlier, insertion into the benzylic C-H bond is more difficult than
insertion into an aliphatic C-H bond, so with diazoester 4 (Scheme 1.5) in the presence of
Rh (II) carboxylate catalyst, β-hydride elimination competed more strongly over
cyclization. The obtained data suggested that electron donating carboxylate groups on the
metal catalyst (Table 1.1) favored cyclization and electron withdrawing carboxylate
groups favored the β-hydride elimination product.27

7

Scheme 1.5

Table 1.1

Reaction of diazo ester 4

Rh(II) catalyzed reactions of Diazo ester 4

In 2010, Hashimoto reported a polymer-supported chiral dirhodium (II) complex,
[Rh2(S-PTTL)4] as a useful, highly selective, and recyclable catalyst for intramolecular
C-H insertion reactions.28
1.5

Intermolecular reactions:
Although the diazo esters have existed for a long time in the literature, their

applicability in terms of intermolecular reactions was very limited due to the high
tendency of the Rh carbenoids of these compounds to undergo β-hydride elimination. It
was not until 2007 when Fox and coworkers had successfully employed α-alkyl- α-aryland α-diazo esters for the synthesis of cyclopropenes, that the attention towards the
intermolecular reactions of these compounds has gained importance. They achieved this
by an intermolecular reaction between an alkyne and the α-diazo ester in the presence of
8

Rh catalyst. The reaction between phenyl acetylene 8 (Scheme 1.6) and ethyl α-diazo
butanoate 7 (Scheme 1.6) was screened for various catalysts for the product formation
and it was found that sterically demanding Rh2Piv4 at -78 ˚C led to the formation of the
desired cyclopropene 9 in good yields over the β-hydride elimination product 10.29
Employing low reaction temperatures and Rh catalysts with sterically demanding
carboxylate ligands, they were successfully able to synthesize the desired cyclopropenes
in good to moderate yields.29

Scheme 1.6

Rh(II) catalyzed cyclopropenation reaction

Alkene cyclopropanation has broad applicability in organic synthesis.30,31,32 With
no previously reported Rh catalyzed cyclopropanations with α-alkyl α-diazo esters,
compounds with “more reactive β-hydrogens”, Fox’s group in 2008 had synthesized
9

trisubstituted DACs by intermolecular reaction of α-alkyl-α-diazo esters with alkenes.33
Reaction between ethyl α- diazobutanoate (limiting reagent) and styrene was screened
with various catalysts for their effectiveness in the formation of the desired cyclopropane
(Table 1.2).

10

Table 1.2

Effect of ligands on Rh(II)catalyzed cyclopropanation reaction

Literature reported catalyst, Rh2Oct4, led to the formation of the cyclopropane but
in very small quantities, with (Z)-ethyl crotonate 15 and azine 16 dominating the product
yields. While Rh2 Piv4 was the catalyst of choice for cyclopropenation29 and dioxolane
formation,34 it gave the cyclopropanes 13 and 14 in modest yields (29%) and with poor
diastereoselectivity (42:58). However it was found that the selectivities for a series of
carboxylate ligands increased with the increase in the size of the carboxylate ligand
(Table 1.2, entries 5, 6 and 7). Of these carboxylate ligands, Rh2TPA4 gave the
11

cyclopropanes 13 and 14 in a 98:2 ratio with a combined yield of 78%. It was also found
that not only were the ligands on the catalyst important but the use of low temperature for
the reaction was also critical since β-hydride elimination product predominated in the
reactions carried out at room temperatures (Table 1.2, entries 2, 4 and 8). In the presence
of Rh2(TPA)4 at -78 ˚C they were able to successfully synthesize the desired
cyclopropanes from the α-diazo esters in good yields, suppressing the β-hydride
elimination(Fig 1.4).

Figure 1.4

Rh2TPA4 catalyzed cyclopropanation reactions

With success in the synthesis of small ring systems using the starting materials
which are highly prone to β- hydride elimination, such as α-alkyl- and α -aryl- α -diazo
12

esters the quest for new catalysts to incorporate new recalcitrant substrates was still
underway. Though extensive studies on chiral bimetallic rhodium(II) complexes have
been performed and reported, there are a few studies reported on rhodium(II) bimetallic
complexes with mixed ligands.35 In recent years, employing mixed catalyst ligands for
reactions that employ especially challenging substrates in intermolecular reactions with
α-alkyl- α -diazo esters have gained much attention and have been used successfully for
the synthesis of cyclopropanes, cyclopropenes and indole C-H functionalization.35 Some
of these substrates include the aliphatic alkynes, α-olefins and silyl acetylenes.35
Rhodium(II) carboxylate ligands as seen in previous examples have gained much
attention and have been extensively used for various synthetic transformations such as
cyclopropanations, cyclopropenations and C-H activation to name a few.36 Of these,
rhodium (II) carboxylate catalysts with N-phthaloyl and N-naphthaloyl amino acid
ligands in the backbone have emerged as robust tools for asymmetric synthesis. Since
Hasimoto37 introduced these catalysts in 1997, they have been extensively studied
because of their wide applicability in synthesis. Fox and coworkers in 2009 have reported
the tert-leucine-derived catalyst Rh(S-PTTL)4, which gave high enantioselectivity in the
cyclopropanation reactions of α-alkyl α -diazo esters. This high enantioselectivity was
explained by the “chiral crown” structure of the catalyst in which all the pthalimide
groups are on the same face of the catalyst.35 They proposed that replacing one of the
ligands in Rh(S-PTTL)4 with an achiral ligand will still maintain the chiral pocket of the
catalyst. Further, by replacing one of the S-PTTL with TPA, a ligand with a large
aromatic surface area, would have a favorable effect on the yield and enantioselectivity in
the intermolecular reactions.
13

Figure 1.5

Structure of Rh2(S-PTTL)3TPA

To test this hypothesis they synthesized a mixed ligand catalyst, Rh2(S-PTTL)3
TPA(Fig 1.5) and the computational and crystallographic studies on the newly
synthesized catalyst show that the N-phthaloyl groups in the catalyst are on the same face
and has a paddle wheel structure (Fig 1.6).35

Figure 1.6

Lowest energy conformation of Rh2(S-PTTL)3TPA using DFT
calculations35

As predicted, this mixed ligand catalyst gave results superior to that of the parent
Rh2(S-PTTL)4 for a number of substrates in enantioselective cyclopropanation,
cyclopropenation, and indole C-H functionalization. Cyclopropanation with α -n-alkyl- α
-diazocarbonyl and an alkene was efficiently catalyzed using this mixed ligand catalyst
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(Scheme 1.7) and gave the desired product in higher yields and enantioselectivities than
those obtained using the parent, Rh2(S-PTTL)4.(Fig. 1.7).35

Scheme 1.7

Rh2(S-PTTL)3TPA catalyzed reaction of styrene derivatives with α-alkyl
diazoesters

Figure 1.7

Yields and enantioselectivities for Rh2(S-PTTL)3TPA catalyzed reaction
of styrene derivatives and α-alkyl diazoesters35
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1.6

Ring opening of cyclizations of cyclopropanes:
One of the most basic reactions of the cyclopropanes is the ring opening reaction

leading to the formation of an open chain system, which allows 1,3 functionalization of
these compounds.10b Ring opening in general is carried out in the presence of Lewis acid
leading to the formation of zwitterionic species. The positive charge of this species is
generally trapped by the heteroatom or electron rich arene, and the negative charge is
stabilized by the electron withdrawing group and is subsequently neutralized by a proton.
There are numerous reactions reported in the literature where the positive charge is
trapped by a nucleophile. This nucleophile can be an internal nucleophile leading to
intramolecular ring opening reactions or it can be an external nucleophile leading to
intermolecular reactions
1.6.1

Intramolecular ring opening reactions:
These reactions for the cyclopropanes of type shown in Fig 1.8 are the ones most

studied. Numerous reviews on the significance and the types of ring opening reactions
have been reported in literature.8,9,10b,12, 21

Figure 1.8

Most commonly studied cyclopropanes
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In these ring opening reactions the positive charge of the zwitterions generated
from the donor-acceptor cyclopropanes are trapped by the nucleophile attached to the
acyl carbon leading to the formation of cyclized ring systems (Fig 1.9).38,39

Figure 1.9

Intramolecular ring opening reaction-Formal homo-Nazarov
cyclization10b,40

Cyclopropyl aryl/heteroaryl ketones or cyclopropyl vinyl ketones undergo “ring
opening/Friedal-crafts annulation”10b reaction in presence of an acid promoter. The
mechanism for this reaction involves ring opening of the cyclopropane leading to the
formation of the acyclic cation 19, which is attacked by the adjacent π- system to give
the six-membered oxyallyl cation 20, which on charge quenching leads to the formation
of compound 21. These cyclopropane transformations were termed “homo-Nazarov
cyclizations” due to their similarity with the classic Nazarov cyclization, which typically
involves the formation of a five-membered oxyallyl cation. Many advancements in this
field have been reported recently10b and an example for such a ring opening reaction is
shown in Fig 1.10.

17

Figure 1.10

Waser’s Bronsted acid catalyzed formal homo-Nazarov cyclization

In cases where the cyclopropane has nitrogen or an oxygen donor as a substituent,
iminium or oxonium intermediates are generated which react readily with the
nucleophiles (Reaction 2, Fig 1.10). If the nucleophile is tethered to the cyclopropane,
this will lead to the formation of a new ring upon intramolecular attack.10b These ring
opening annulation reactions have been exploited by several groups to construct
carbocyclic and heterocyclic ring systems towards the total synthesis of natural products
by using different carbon, oxygen and nitrogen based nucleophiles.10b
1.7

Description of Dissertation:
As discussed in the previous section, current ring opening reactions reported in

the literature are for the cyclopropanes in which the nucleophile is tethered to the acyl
group. Few ring opening reactions of the cyclopropanes with a nucleophile tethered
geminally to the carbon containing the acceptor group have been reported. These
compounds in the presence of a suitable Lewis acid will ring open to give the zwitterionic
species 23, the positive charge of which can be trapped by the internal nucleophile (Fig
1.11).
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Figure 1.11

Donor acceptor cyclopropanes with an internal nucleophile geminally
tethered to the acceptor

Synthesis of cyclopropanes in which an aromatic ring system serves as an internal
nucleophile and is geminally tethered to the acceptor group 25 is novel and challenging.
The proposed route to synthesize these compounds (Scheme 1.8) involves intermolecular
cyclopropanation of an alkene using α-arylmethyl–α-diazo ester 26, and these diazo
compounds are highly prone to beta hydride elimination compared to α-alkyl-α-diazo
esters. The challenge lies in the synthesis of these cyclopropanes in decent yields
suppressing the major elimination reaction.

Scheme 1.8

Reterosynthesis of the proposed cyclopropanes
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As mentioned earlier the synthesis of these DACs have not been reported in the
literature and the only relevant example reported which employs α-arylmethyl–α-diazo
ester was the synthesis of cyclopropene by Fox and coworkers using Rh2Piv4.29 Based on
Fox’s success in using α-alkyl-α-diazo esters for cyclopropanations using Rh2TPA4, we
propose the synthesis of cyclopropanes derived from α-arylmethyl-α-diazo ester
employing the same catalyst in the first part of this dissertation. The second half of the
dissertation focuses on the study of the ring opening reactions of the cyclopropanes
synthesized in the first part (Scheme 1.9).

Scheme 1.9

Proposed ring opening of the designed DACs

The utility of these cyclopropanes is that the intended products of rearrangement
form the core ring system of many biologically active natural products41 (Fig 1.12). If
successful this will provide access to these ring systems in 2 steps starting from the
intermolecular cyclopropanation using α-arylmethyl–α-diazo ester.
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Figure 1.12

Natural products with the designed carbocyclic core ring system
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CHAPTER II
RESULTS AND DISCUSSION
Ring opening cyclized products are important scaffolds in many natural products.
In our method development towards the synthesis of these ring systems, cyclopropanes
serve as the building blocks and the desired cyclopropanes 25 will be synthesized via the
reaction of 4-substituted styrenes 28 and the α-arylmethyl-α-diazo esters 26 as shown in
Scheme 2.1

Scheme 2.1

Reterosynthesis of cyclopropanes

The diazo required for the reaction was synthesized using the method reported in
the literature,42 and consisted of 3 steps as shown in the scheme below. In the first step
the methyl esters of the 3-substituted-3-phenyl propionic acids were synthesized using
Fischer esterification. Second step involved synthesis of the benzoylated product which
was carried out using the literature procedure,42 but the yields for the benzoylated product
using this method were low.
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Scheme 2.2

Synthesis of diazo compounds

To overcome this, another method developed by Yoshida and his group was used
to synthesize these benzoylated compounds. They used TiCl4/Bu3N (catalytic TMSOTf)43
as an efficient system for the crossed aldol additions between different carbonyl
compounds and Claisen condensation between methyl esters. Synthesis of benzoylated
products using this method gave better yields. A slight change to the reported method
was that NEt3 was used as a base instead of NBu3.
Table 2.1

Synthesis of benzoylated compound
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With benzoylated product in hand, diazo transfer reaction using the literature
reported procedure42 provided the required diazo compounds for the next step of
cyclopropanation.
Table 2.2

2.1

Synthesis of diazo compounds

Cyclopropanations:
Our initial approach as proposed was to use Rh2TPA4 as the catalyst to synthesize

the cyclopropanes of interest. Fox33 had employed the same catalyst successfully for the
synthesis of cyclopropanes by the intermolecular reaction of the alkene and α-alkyl-αdiazo esters, which was the basis for our choosing Rh2TPA4 as the catalyst of first choice.
Cyclopropanation of the p-methoxy styrene 32 using 3-(3-methoxy phenyl)-2-diazo
propanoate 31a in presence of Rh2(TPA)4 was used as the model reaction (Scheme 2.3).

24

Scheme 2.3

Model reaction for the synthesis of cyclopropanes

The catalyst required was synthesized using the literature reported method.44 With
catalyst and diazo compounds in hand, cyclopropanation reactions were carried out
employing the literature reported reaction conditions of 0.1 mol% catalyst, 3 eq of the
alkene in DCM, and 1 eq of the diazo in DCM added to the reaction via syringe pump at
an addition rate of 1 mL/h.45
The catalyst did lead to the formation of the product but the yield for the reaction
was only 14%, with the β-hydride elimination product accounting for the rest of the mass.
Attributing the β-hydride elimination product to the rate of addition of the diazo, the rate
of addition of the diazo was reduced from 1 mL/h to 0.67 mL/h and further to 0.51 mL/h
(Table 2.3, entries 2 & 3). However, reducing the diazo addition rate had no effect on the
product yield. Increasing the catalyst loading was attempted next. Increasing the loading
from 0.1 mol% to 0.2 mol% under the same reaction conditions (Table 2.3, entries 2 & 4,
entries 3& 5), for the reaction with the diazo addition rate, 0.67 mL/h was detrimental
(Table 2.3, entries 2 & 4). For reaction with diazo addition rate of 0.51 mL/h, increasing
the catalyst loading did not increase the percent yield of the product (Table 2.3, entries
3& 5).
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Table 2.3

Optimization table for the model cyclopropanation reaction

Changing the catalyst loading and diazo addition rates had no significant
influence on the percent yield of the product. As mentioned earlier, since the major
byproduct of the reaction is the β-hydride elimination product, we thought taking diazo in
excess and making alkene the limiting reagent would improve the yield, and this was
tried next(Table 2.4, entry 1). However, even this did not improve the yield. With other
variables for the reactions explored the effect of temperature on the reaction was studied
next. Switching back to the original reaction conditions of 1eq diazo and 3 eq of alkene in
hexane, the temperature of the reaction was raised a little to -65-(-70) ˚C from -78 ˚C
(Table 2.4, entry 2). This increased the yield of the reaction to 24%. At this point we
wanted to try toluene as the solvent, since it was reported as the solvent of choice in the
literature for certain cyclopropanations. Using toluene as the solvent, diazo in excess and
alkene as the limiting reagent (Table 2.4, entry 3) the product yield was 24%. Similar
reaction with diazo as the limiting reagent and alkene in excess led to the product
formation in 28% yield (Table 2.4, entry 4).
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Table 2.4

Diazo and solvent optimization for cyclopropanation reaction

Optimization of cyclopropanation reaction in terms of addition rate of diazoester
31b, number of equivalents of diazoester/alkene used, temperature of the reaction, mol%
of catalyst used, solvent, had not proven beneficial in improving the product yield for the
model reaction studied.
Based on the optimization reactions and the results obtained therein for the
cyclopropanations using Rh2(TPA)4 catalyst, we next wanted to perform experiments
taking into consideration the following observations
1. The model reaction for the optimization studies employs pmethoxystyrene for the alkene. The low yields for the reaction under any
of the optimized conditions may be attributed to the choice of the alkene.
To rule out this possibility a different alkene should be tried
2. Fox had successfully employed Rh2TPA4 for α-alkyl–α-diazoesters but
this may not be the catalyst of choice for cyclopropanations with αarylmethyl–α-diazoesters, so changing the catalyst and studying the effect
of the new catalyst would be the next alternative
2.2

Changing the alkene counterpart:
As discussed earlier the reaction between p-methoxystyrene and the diazo under

various reaction conditions provided the cyclopropane but in low yields, which may be
due to the alkene, 4-methoxy styrene. To study the effect of alkene, N-tosyl-3-vinyl
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pyrrole, was used as the alkene counterpart. This compound was synthesized using the
literature reported procedures (Fig 2.1).46-47 Compound (N-tosyl-3-vinyl pyrrole) was
considered a good choice since the ring opening of the cyclopropane derived from this
alkene will allow access to fused heterocyclic ring systems of significance.

Figure 2.1

2.2.1

Synthesis of N- tosyl-3-vinyl pyrrole

Cyclopropanation with N-tosyl-3-vinyl pyrrole:
Cyclopropanation using N-tosyl-3-vinyl pyrrole as the limiting reagent and excess

methoxy diazo 31b gave the desired product in an improved yield relative to the product
obtained using 3-methoxy styrene as the alkene. However all the alkene was not
consumed in the reaction (Table 2.5) suggesting that the alkene is relatively less reactive,
probably due to the tosyl group on pyrrole nitrogen. The use of tosyl for the protection of
pyrrole, to avoid any N-H insertion reactions under the reaction conditions, was not a
good group of choice.
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Table 2.5

Cyclopropanation of N-tosyl-3-vinyl pyrrole

Although the improved yield suggests that choice of alkene influences the
cyclopropanation reaction, the yields still need to be improved. The next alternative
choices at this point to be considered, to synthesize the target cyclopropanes are:
(1) Try alternative routes reported in the literature for the synthesis of such
moieties
(2) Try the mixed ligand catalyst Rh2(S-PTTL)3TPA, which was successfully
employed by Fox for the synthesis of cyclopropanes using α-n-alkyl-α-diazo
esters.
With limited success in gaining access to the desired cyclopropanes via
intermolecular cyclopropanation of diazoester and alkene, alternative routes for the
synthesis of target compounds were looked into. The diazoesters compounds used for the
cyclopropanation led to the formation of the undesired side products predominantly over
the desired cyclopropanes. While changing the catalyst was the most logical thing to do,
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attempting the synthesis of the desired cyclopropanes using methods which do not
involve the diazocompounds was tempting and tried first.
2.3

Alternative method:

2.3.1

Cyclopropanes from triethylphosphonoacetates:
Bray and Minicone reported an effective way to synthesize trisubstituted

cyclopropanes in good yields and diastereocontrol by reacting the anion generated from
2-susbtituted triethylphosphonoacetates with enantiopure terminal epoxides (Fig 2.2).
Employing this method we planned the synthesis of cyclopropane 36, from the starting
materials p-methoxystyrene oxide 37 and the Li anion of ethyl 2-(diethoxyphosphoryl)-3(3-methoxyphenyl) propionate 38, generated by deprotonation of compound 40 with nBuLi.

Figure 2.2

Reterosynthesis of compound 36

The ethyl 2-(diethoxyphosphoryl)-3-(3-methoxyphenyl) propionate 40, was
synthesized by the alkylation of readily available triethylphosphonoacetate 39 using NaH
in DMF48 and the desired product was obtained in 76% yield (Scheme 2.4)
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Scheme 2.4

Synthesis of ethyl 2-(diethoxyphosphoryl)-3-(3-methoxyphenyl)
propionate 40

Since the reaction between the phosphonoacetate and the epoxide is stereospecific
and the desired 4-methoxy styrene oxide is not readily available from commercial
sources, we employed Jacobsen’s epoxidation49 to synthesize the desired epoxide as a
single enantiomer (Fig 2.3)

Figure 2.3

Jacobsen’s epoxidation of 4-methoxy styrene

The epoxidation reaction was tracked using GCMS (Fig 2.4) since any attempts to
check the progress of the reaction using TLC on silica or neutral alumina plate led to the
decomposition of the compound.
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Figure 2.4

GC-MS for the conversion of 4-methoxy styrene to 4-methoxy styrene
epoxide

The epoxide obtained was used directly without further chromatographic
purification. With epoxide and phosphonate ester 40 in hand, cyclopropanation reaction
was run under microwave reaction conditions following the literature reported procedure,
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at 130 ˚C in DME for 90 min.50 Progress of the reaction was tracked using TLC and after
90 min when no starting material was observed the reaction was worked up and purified
using flash column chromatography.

Figure 2.5

Synthesis of model cyclopropane from compound 37 and 38

This reaction gave us the desired cyclopropane but in yield less than 15 %. This
probably is due to the oxirane used for the reaction. The crude oxirane 37 obtained from
Jacobsen’s epoxidation was directly used with no further purification and might be the
reason for the observed low yields.
2.4

Cyclopropanations using new catalyst-Rh2(S-PTTL)3TPA:
With limited success for the synthesis of the desired cyclopropane so far, trying a

new catalyst for these reactions was the best alternative. Rh2(S-PTTL)3TPA was chosen
as the catalyst of choice since Fox found that it gave superior yields and selectivities
compared to other catalysts of the same class. Mixed ligand catalyst Rh2(S-PTTL)3TPA
was synthesized using Fox’s reported procedure.35 With new catalyst in hand, model
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cyclopropanation reaction using p-methoxystyrene and 3-(3-methoxy phenyl)-2-diazo
propanoate was performed (Table 2.6).
Table 2.6

Cyclopropanation of 4-methoxy styrene under different reaction conditions

This reaction yielded the desired product in 68% yield under the reaction
conditions of 3 eq of the alkene, 1 eq of diazo, 0.1 mol % of the catalyst with the diazo
addition rate of 0.26 mL/h in toluene (Table 2.6, entry 1). However, the product
contained an unidentified impurity with a peak at 9.8 ppm in proton NMR. Preliminary
proton NMR analysis showed evidence that this side product is derived from the alkene
and since alkene was taken in excess, changing the alkene and diazo equivalents should
reduce the formation of this unidentified side product. To test this and minimize the
formation of this unidentified compound the alkene and the diazo equivalents were
switched, i.e. 3 eq of the diazo and 1 eq of alkene were chosen for the reaction under the
same reaction conditions using toluene as the reaction solvent. This provided us the pure
product in 58% yield (entry 3). The diasteromeric excess for the compounds was
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determined using the 1H NMR spectroscopy and was found to be 85:15, with the major
isomer 38 containing the ester and the p-methoxyphenyl group cis to each other on the
cyclopropane ring. This arrangement for the groups on the ring is based on literature
reported examples for similar molecules.23-51 The other isomer isolated from the reaction,
the minor isomer, contains the ester and the p-methoxyphenyl group trans to each other.
The substrate scope for the reaction was tested by using the same diazo compound
with different 4-substituted styrenes. Since 4-methoxy styrene is an activated alkene due
to the presence of methoxy group, 4-chloro-styrene 41, an alkene with electron
withdrawing group, would be an ideal choice and this was the alkene chosen for the next
cyclopropanation reaction.
Reaction was run using excess of 4-chlorostyrene 41 (3eq) and the methoxy diazo
31a as the limiting reagent with the diazo addition rate of 0.2 mL/h (Table 2.7). The
progress of the reaction was monitored using TLC.
Table 2.7

Cyclopropanation of 4-Cl-Styrene
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Unreacted diazoester was observed on TLC after the completion of diazo
addition, and so the reaction was left overnight, during which the reaction was allowed to
come to room temperature. This reaction gave us the desired product in 42% combined
yield with poor diastereoselectivity, 59:41. The relatively low percent yield for the
cyclopropane can be justified by the presence of chloro group on the alkene moiety as
discussed earlier. The chloro substituent is a deactivator and renders 4-chlorostyrene
electron deficient and less reactive resulting in low yield. Poor diastereoselectivity for the
reaction can be attributed to the reaction being allowed to come to room temperature
overnight. To test this hypothesis and study the effect of temperature on the
diastereoselectivity of the reaction, a NMR scale reaction was run. A reaction using 3 eq
of diazo, 1 eq of chloro-styrene, 0.1 mol% of the catalyst and toluene as the solvent was
run at -75 ˚C. 1H NMR run on the crude sample showed an improvement in the
diasteromeric ratio observed and was found to be 68.5:31.5. However, the yield for the
reaction was low, since a lot of unreacted starting material was observed in the NMR.
This experiment indicates the effect of temperature on the dr of the reaction and
substantiates a similar effect found by Fox for his cyclopropanation reactions.
Using substituted styrenes for the alkene counterpart, substrate scope was further
expanded by employing the heterocyclic alkene N-tosyl-3-vinyl pyrrole. The reaction
between N-tosyl-4-vinyl pyrrole 34(1eq) with the diazoester 31a (3eq) led to the
formation of the desired cyclopropane in 70% yield (Table 2.8). Monitoring the reaction
using TLC, unreacted alkene was observed, so the reaction was left overnight and was
allowed to come to room temperature over this period of time. Despite of this unreacted
alkene (4.4%) was isolated from the reaction, indicating relatively low reactivity of
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alkene which, as explained in the previous section, is due to the tosyl group of the alkene.
Since the diazo was taken in excess, almost 64.3% of the β-hydride elimination product
was obtained from the reaction. The diasteromeric ratio for the product was 68.5:31.5,
which can be attributed to the reaction temperature. As discussed in earlier sections,
reaction temperature plays a vital role in the diastereoselectivity of the products obtained
for the cyclopropanation reactions. So allowing the reaction temperature to come to room
temperature over the course of the reaction may be responsible for the low
diastereoselectivity observed.
Table 2.8

2.4.1

Cyclopropanation of N-tosyl-3-vinyl pyrrole

Cyclopropanations using 3-(3-chlorophenyl)-2-diazo propanoate:
After studying the effect of substituents on the alkene, we wanted to study the

effect of deactivating group on the diazo component using 3-(3-chlorophenyl)-2-diazo
propanoate 31b (Table 2.9) towards the cyclopropanation reaction under consideration.
The model reaction was studied first and the yield for the reaction of 4-methoxy styrene
with the chloro diazoester 31b was higher than that observed with the methoxy diazoester
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31a. Changing the reaction solvent from toluene to pentane showed a slight increase in
the product yield (Table 2.9, entries 1 & 2). Using 3,4-dimethoxy styrene, an alkene with
two electron donating groups, had a reduced yield (entry 3) as compared to that for 4methoxy styrene, an alkene with one electron donating group. In the reaction involving
3,4-dimethoxy styrene with the chloro-diazo, the alkene was the limiting reagent.
However, the diazo was the limiting reagent for the rest of the reactions reported in Table
2.9.
Table 2.9

Synthesis of cyclopropanes from 3-(3-chloro phenyl)-2-diazo propanoate

The diastereomeric ratio for the cyclopropane synthesized from 4-chloro-styrene
(Table 2.9, entry 4) could not be determined since the protons under consideration, the
benzylic protons, were overlapped with other protons in the spectrum (Fig 2.6). With
different cyclopropanes synthesized by varying the substituents on the aryl ring systems,
the generality of this method in terms of the substrate was further investigated by
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synthesis of cyclopropane derived from N-tosyl-3-vinyl pyrrole (see Table 2.8). We
further wanted to see if oxygen containing ring systems such as DHP can also be used as
substrates for these reactions.

Figure 2.6

2.5

Proton NMR spectra of compound 47 showing merged peaks

Cyclopropanations of 3,4-Dihydro-2H-Pyran (DHP):
Cyclopropanation of 3, 4-Dihydro-2H- pyran under the reaction conditions using

1 eq of diazo, 3 eq of the alkene in toluene, and 0.1 mol% catalyst (Table 2.10), a single
diastereomer of the product was isolated in 42% yield, while the major by-product of the
39

reaction was the β-hydride elimination product,(Z)-methyl 3-(3-methoxyphenyl) acrylate.
Product yield was comparable to the literature reported yields for similar substrates.33
Table 2.10

Synthesis of DHP cyclopropane

Only one diastereomer was isolated from the reaction, and the configurational
assignment for the sterocenters in the cyclopropane synthesized was based on the
coupling values for a similar compound reported by Fox33 (Fig 2.7).

Figure 2.7

2.6

DHP cyclopropane reported by Fox33

Ring opening cyclization of cyclopropanes
Model cyclopropane 33 (Scheme2.5) was also the model compound to study the

ring opening reactions, since it has the perfect push (electron donating methoxy group on
the aryl ring)-pull effect (electron withdrawing ester) for ring opening in the presence of a
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Lewis acid. The ring closing is brought about by the electron rich aryl group of the aryl
methyl moiety acting as an internal nucleophile.

Scheme 2.5

Proposed ring opening reaction of the model cyclopropane

Several different Lewis acids (Table 2.11) were screened for the ring opening
cyclization reaction of the model compound. Starting with Scandium triflate (Sc(OTf)3)
(Table 2.11, entry 1), TiCl4 (Table 2.11, entry 2) and BF3.OEt2 in various equivalents
were also screeened(Table 2.11, entries 3 & 4). However, none resulted in the formation
of the cyclized product. Increasing BF3.OEt2 equivalents to 2.2 lead to the formation of
an unknown compound in 48% yield (Table 2.11, entry 5). 1H NMR spectra (Fig 2.8) of
the compound formed did not match the spectrum for the expected cyclized product 51.
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Table 2.11

Lewis acid catalyzed ring opening of model cyclopropane
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Figure 2.8

1

H NMR spectra of the compound isolated from cyclization using BF3OEt2

The 1H NMR for the compound obtained showed peaks only in the aromatic
region and around 4.0 ppm for the three methoxy groups (Fig 2.8). Nine protons in the
aromatic region suggested a fully aromatized product, the naphthalene derivative 52
obtained probably via the expected tetrahydronaphthalene derivative 51(Scheme 2.6).
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Scheme 2.6

Proposed route for the formation of naphthalene derivatives

Though the ring opening reaction for the compound 33 did not lead to the
expected cyclized compound 51, the naphthalene derivative 52 obtained is an important
moiety. Ring systems of this kind form the core skeletal system of certain naturally
occurring bioactive arylnaphthalenes (Fig 2.10).52

Figure 2.9

Bioactive aryl naphthalenes52
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In light of this ring opening cyclization with the model compound, attempts were
made to form the corresponding cyclized products from the other cyclopropanes using
BF3OEt2 under different reaction conditions. Unfortunately, ring opening cyclizations of
any other cyclopropane derived from substituted styrene and chloro or methoxy diazo
compounds did not lead to the cyclized product. In almost all the cases the unreacted
cyclopropanes were recovered from the reaction mixture (Table 2.12). The results
obtained suggest that the presence of chlorine substituent on either of the aryl moieties in
the cyclopropane is detrimental for ring opening cyclization reaction due to the
deactivating effect of chlorine.
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Table 2.12

Lewis acid conditions for ring opening cyclization of cyclopropanes

Since chloro substituted cyclopropanes did not undergo the desired ring opening
cyclizations, cyclopropane 49 derived from DHP and methoxy diazo 31a was studied,
since this cyclopropane contains the desired electron push-pull effect necessary for the
ring opening and also the electron rich aryl moiety which can act as an internal
nucleophile and lead to cyclization. To test this proposed theory, DHP Cyclopropane 49
in DCM was treated with BF3OEt2 but unfortunately the desired cyclized product was not
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obtained. However treating the DHP cyclopropane 49 with BF3OEt2 in nitromethane did
give the desired cyclopropane 53 (Scheme 2.7) but in only 10% yield. Investigation in
terms of other Lewis acids and solvent systems to improve the yield for the cyclized
product are underway.

Scheme 2.7

Ring opening reaction of DHP cyclopropane

The stereochemistry for the cyclized product 53 was assigned based on coupling
constants obtained from proton NMR spectra and further confirmed by COSY (Fig 2.12).
A doublet at δ 4.29 (J = 2.5 Hz) established the cis relationship between Ha and Hb
protons (Fig 2.11) while a triplet of doublets at δ 3.25 (J = 11.3, 5.8 Hz) indicating a trans
relationship between Hb and Hc protons.

Figure 2.10

Ring cyclized product of DHP cyclopropane
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Figure 2.11

COSY NMR spectra of compound 53

The cis configuration for Ha, Hb and the ester group in compound 53 is also
substantiated by MM2 calculations performed using chem3Dpro. This configuration was
the lower energy configuration using these calculations. The total energy provided by the
calculations for this configuration for the groups is 35.59 kcal/mol, whereas the energy
for the trans configuration of the ester relative to the cis ring junction was 39.63 kcal/mol,
which indicates that the molecule with cis configuration for Ha, Hb and the ester group is
~ 4 kcal/mol lower in energy than the molecule where the ester is trans to Ha and Hb
protons.
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2.7

Conclusions and Future Work
The focus of this study was to develop a new method to access certain carbocyclic

and heterocyclic frameworks which form the core of many natural products. This target
was planned to be reached using Donor-Acceptor Cyclopropanes (DACs) as building
blocks. The DACs designed for this purpose contained both the electron withdrawing
group and the aryl group acting as an internal nucleophile tethered geminally on the
cyclopropane ring (see Fig 1.12). The proposed DACs were planned to be synthesized via
intermolecular reaction of substituted styrenes and α arylmethyl–α-diazoesters. The
challenge in the synthesis of these cyclopropanes is to minimize the β-hydride
elimination reaction, a notorious side reaction these diazo compounds are prone to.
Success in the synthesis of the target DACs was achieved by employing 0.1mol%
of Rh2(S-PTTL)3 TPA catalyst and low reaction temperatures. The scope of this method
was tested by using both electron rich (4-methoxystyrene) and electron deficient (4chlorostyrene) alkenes for the alkene counterpart, which led to the product formation in
good to moderate yields. Heterocyclic alkenes such as N-tosyl-3-vinyl pyrrole and DHP
also served as good substrates for the reaction.
With access to the desired cyclopropanes, ring opening cyclizations were studied
using various Lewis acids. Success with certain cyclopropanes gave us access to the ring
systems which form the core carbocyclic skeleton of certain natural products. The DACs
cyclized were the ones with electron donating substituents on both the aryl rings placed at
positions so as to facilitate the ring opening and cyclization in the molecule. Compounds
containing chloro substituent on either of the aryl rings did not lead to the cyclized
product (See Table 2.12).
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Considering the electronic effects on the ring opening cyclizations, future work
would include the synthesis of cyclopropanes by reaction of N-methyl-3-vinyl pyrrole, Nmethyl-3-vinyl indole, and chromenes with methoxydiazoester 31a. These DACs should
elegantly ring open under appropriate reaction conditions to give access to different
heterocyclic ring systems of significance.
Similarly cyclopropanes synthesized by varying the diazo counterpart such as
those derived from tryptophan and similar moieties would also be worth exploring.
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CHAPTER III
EXPERIMENTAL PROCEDURES
3.1

General Experimental Methods:
All the reactions were performed in oven dried glassware under inert atmosphere

(Ar). Progress of the reaction was monitored by TLC using EMD Millipore TLC Silica
gel 60 F254 glass plates under UV 254nm and I2. Column chromatography was performed
on silica gel using hexane and ethyl acetate as eluents unless otherwise noted. Flash
column chromatography was performed using Biotage-IsoleraTM One. TiCl4 in toluene
(1M), was purchased from Sigma Aldrich in a SureSealTM bottle. All the substituted
alkenes, DBU were also obtained from Sigma Aldrich. Sure seal bottle of trimethylamine
was used as received from Sigma Aldrich or was freshly distilled from CaH2. TMSOTf,
p-ABSA, and all the substituted 3-phenyl propionic acid derivatives were obtained from
Alfa Aesar. Anhydrous solvents were freshly obtained from LC solvent system or freshly
distilled over CaH2. The 1H NMR and 13C NMR spectra were recorded on a BruckerAvance 300 or 600 MHZ instrument. CDCl3 was used as the solvent and the data are
reported as chemical shift (δ) in ppm from trimethylsilane as an internal standard. Mass
data on the samples was obtained using Electrospray MS (m/z) with Bruker microTF-Q II
ultimate 3000.
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3.2

Synthesis of diazo compounds

Scheme 3.1

Synthesis of diazo compounds from 3-susbtituted propionic acids

The desired diazo compounds were synthesized from the corresponding propionic
acids in 3 steps. In the first step propionic acids were converted into methyl esters using
Fischer esterification. Step two involves α-benzoylation of the esters synthesized using
the reported procedure. The third step is the synthesis of diazo esters via diazo transfer of
the benzoylated esters using DBU and p-ABSA.
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3.2.1

Synthesis of methyl esters of propionic acids

Scheme 3.2

Synthesis of methyl esters of propionic acids

To the substituted propionic acid (1.5g) in methanol (75mL), concentrated
sulfuric acid (2.5mL) was added and the mixture was refluxed for 5 h, after which the
solvent was removed under vaccum. Water was then added to the crude sample and
extracted using diethyl ether. The combined organic layers were washed with sat
NaHCO3, brine, dried using MgSO4, and solvent removed under vaccum. Yield: 100%
3.2.2

Benzoylation of 3-substitutedphenyl propionic acids
General Procedure: Following the reported procedure43. To a mixture of 3-

methoxyphenyl propionic acid (1.5g, 7.72mmol, 1eq) and methyl benzoate (2.86mL,
23.16mmol, 3eq) in toluene (15.4mL), TiCl4 (1.0M solution in toluene) (23.26mL) was
added followed by the addition of trimethylsilyl trifluoromethanesulfonate (0.07mL,
0.39mmol, 0.05eq). Freshly distilled triethyl amine (4.85mL, 34.74mmol, 4.5eq) was
then added slowly to the reaction mixture. The reaction was allowed to stir at room
temperature for 4 h. The reaction was then quenched by adding saturated NH4Cl solution
followed by extracting with ethyl acetate. The combined organic layers were then washed
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with water and brine and dried using anhydrous Na2SO4. After flash chromatography the
desired product was obtained as a colorless to pale yellow oil. Isolated Yield: 62%

Scheme 3.3

1

Synthesis of methyl 2-(3-methoxybenzyl)-3-oxo-3-phenylpropanoate

H NMR (300MHz, CDCl3): δ 7.95 (d, J = 7.4 Hz, 2H), 7.57 (t, J = 7.4 Hz, 1H),

7.45 (t, J = 7.8 Hz, 2H), 7.18 (t, J = 7.8 Hz, 1H), 6.81 (d, J = 7.6Hz, 1H), 6.76 (s, 1H),
6.73 (dd, J = 8.2, 2.4 Hz, 1H), 4.66 (t, J = 7.3 Hz, 1H), 3.74 (s, 3H), 3.65 (s, 3H), 3.1 (m,
2H); 13C NMR (600MHz, CDCl3): δ 194.3, 169.6, 159.5, 139.8, 136.0, 133.5, 129.4,
128.6, 128.5, 121.0, 114.5, 112.0, 55.6, 55.0, 52.4, 34.8; HRMS (ESI-TOF) m/z:
[M+Na]+ calcd for C18H18O4 Na, 321.1097; Found:321.1070

Scheme 3.4

Synthesis of methyl 2-(3-chlorobenzyl)-3-oxo-3-phenylpropanoate
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Methyl 3-(3-chlorophenyl) propanoate (1.03g, 5.1mol, 1eq), Methyl benzoate
(1.91mL, 0.015mol, 3eq), TiCl4 in toluene 1M solution (15.3mL), TMSOTf (0.05mL,
0.255mol), NEt3 (3.2mL, 22.95mol, 4.5eq), toluene (10.2mL); Isolated Yield: 60%; clear
oil; 1H NMR (300MHz, CDCl3): δ 7.97-7.93 (d, J = 7.14 Hz, 2H ), 7.58 (t, J = 7.35 Hz,
1H), 7.46 (t, J = 7.45 Hz,2H), 7.22 (s, 1H), 7.19-7.17 (m, 2H), 7.12-7.09 (m, 1H), 4.62
(t, J = 7.3 Hz, 1H), 3.65 (s, 3H), 3.30 (dd, J = 7.25, 1.2 Hz, 2H) ; 13C NMR (600MHz,
CDCl3): δ 193.9, 169.4, 140.3, 135.9, 134.3, 133.7, 129.8, 129.0, 128.8, 128.6, 127.1,
126.9, 55.6, 52.6, 34.4; HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C17H15ClO3Na,
325.0602; Found: 325.0593
3.2.3

Diazo synthesis
General Procedure: Following the reported procedure53: To the Methyl 2-(3-

chlorobenzyl)-3-oxo-3-phenylpropanoate (930mg, 3.07mmol, 1eq) in a flask, freshly
distilled acetonitrile was added and cooled to 0 oC. p-ABSA (737.5mg, 3.07mmol, 1 eq)
was added to the reaction mixture followed by DBU (0.46mL, 3.07mmol, 1eq). After
allowing it to stir for 5min, an additional 0.5 eq of p-ABSA (120.12mg), and 0.5eq of
DBU (0.07mL) were added to the reaction mixture, allowed to stir at 0 ˚C for 10 min and
then at room temperature overnight. Solvent was removed under vaccum followed by the
addition of water and ethylacetate. The aqueous layer was extracted twice with
ethylacetate. Combined organic layers were dried using Na2SO4, solvent removed under
reduced pressure to yield a yellow residue. Residue on flash column chromatography
yielded the desired product as yellow oil. 62% yield.
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Scheme 3.5

1

Synthesis of methyl 2-(3-chlorobenzyl)-2-diazopropanoate 31b

H NMR (600MHz, CDCl3): δ 7.24-7.26 (m, 3H), 7.11-7.13 (m, 1H), 3.79 (s, 3H),

3.61 (s, 2H); 13C NMR (600MHz, CDCl3): δ 167.3, 139.3, 134.6, 130.0, 128.4, 127.4,
126.4, 52.1, 29.1 (the carbon to which the diazo is attached is not seen); HRMS (ESITOF) m/z: [M+Na]+ calcd for C20H18Cl2N2O4Na, 443.0536; Found: 443.0520

Scheme 3.6

Synthesis of methyl 2-(3-methoxybenzyl)-2-diazopropanoate 31a

Methyl 2-(3-methoxybenzyl)-3-oxo-3-phenylpropanoate (1.27g, 4.25mol, 1eq), pABSA (1.02g, 4.25mol, 1eq), DBU (0.64mL, 4.25mol, 1eq), an additional P-ABSA
(120.12mg, 0.5mmol) and DBU (0.07mL, 0.5mmol). Yield: 82%. 1H NMR (600MHz,
CDCl3): δ 7.24 (m, 1H), 6.80 (m, 3H) 3.79 (2s, 6H), 3.60 (s, 2H); 13C NMR (600MHz,
CDCl3): δ 167.5, 159.9, 138.7, 129.8, 120.6, 114.0, 112.4, 55.2, 52.0, 29.3; HRMS (ESITOF) m/z: [M+Na]+ calcd for C22H24N2O6Na, 435.1527; Found 435.1508
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3.3

Cyclopropanations:
General Procedure: To a 2-necked flask in glove box Rh2(TPA)(s-PTTL)3

(0.1mol%) was added. Flask was taken out of the glove box and under argon, toluene was
added followed by the addition of alkene (3 eq, substituted styrene). The reaction mixture
was cooled to -70 ˚C using dry ice and acetone. Diazo (1eq, 0.8mmol in toluene) was then
added to it at the rate of 0.24 mL/h via syringe pump. After the addition was complete,
the reaction was tracked via TLC and the reaction was left overnight as needed and
allowed to come to rt. Solvent was removed under reduced pressure and the crude was
purified using column chromatography. The yields reported are the combined yields of
both the isomers and the 1H NMR and 13C NMR data provided is for the major isomer
unless otherwise noted.

Scheme 3.7

Synthesis of methyl 1-(3-methoxybenzyl)-2-(4methoxyphenyl)cyclopropane carboxylate (38)

3-methoxy styrene (50mg, 0.37mmol, 1eq), Methyl 2-(3-methoxybenzyl)-2diazopropanoate (246.4mg, 1.12mmol, 3eq), Rh2(S-PTTL)3TPA (0.47mg, 3.73x10-4
mmol, 0.1mol%); Isolated Yield: 58%
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1

HNMR (600MHz, CDCl3): δ 7.21 (t, J = 7.8 Hz, 1H), 7.12 (d, J = 8.6 Hz, 2H),

6.84 (d, J = 7.5 Hz, 1H), 6.8 (s, 1H), 6.76 (d, J = 8.6 Hz, 2H), 6.75 (dd, J = 8.2, 2.3 Hz,
1H), 3.79 (s, 3H), 3.76 (s, 3H), 3.65 (d, J = 14.8 Hz, 1H), 3.28 (s, 3H), 2.63 (d, J = 14.8
Hz, 1H), 2.38 (t, J = 8 Hz, 1H), 1.98 (t, J = 6.2 Hz, 1H), 1.25 (m, 1H); 13C NMR
(600MHz, CDCl3): δ 171.9, 159.5, 158.2, 140.9, 129.9, 129.2, 128.8, 121.4, 114.8, 113.3,
111.5, 55.2, 55.1, 51.4, 40.3, 33.4, 31.5, 29.7, 16.9; HRMS (ESI-TOF) m/z: [M+Na]+
calcd for C20H22O4 Na, 349.1410; Found 349.1407.

Scheme 3.8

Synthesis of methyl 1-(3-chlorobenzyl)-2-(4chlorophenyl)cyclopropanecarboxylate (47, 47a)

Methyl 2-(3-chlorobenzyl)-2-diazopropanoate (100mg, 0.45mmol, 1eq), 4-chloro
styrene (183mg, 1.32mmol, 3eq), Rh2(S-PTTL)3TPA (0.56mg, 4.5x10-4 mmol, 0.1mol%);
Isolated Yield: 75%, Diastereomer 47: 1H NMR (600MHz, CDCl3): δ 7.25 (d, J = 2.8 Hz,
1H), 7.23(d, J = 2.2 Hz, 1H), 7.21 (m, 2H), 7.13(m, 3H), 3.60 (d, J = 14.8 Hz, 1H), 3.30
(s, 3H), 2.65(d, J = 14.8 Hz, 1H), 2.39 (t, J = 8.0 Hz, 1H), 2.02 (t, J = 6.5 Hz, 1H),
1.31(dd, J = 8.8, 5.4 Hz, 1H); 13C NMR (600MHz, CDCl3): δ 171.3, 141.1, 135.1, 134.1,
132.5, 130.2, 129.6, 129.0, 128.1, 127.1, 126.7, 51.5, 39.9, 33.5, 31.5, 17.2; HRMS (ESITOF) m/z: [M+Na]+ calcd for C18H16Cl2O2Na, 357.0420; Found 357.0414.
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Diastereomer 47a: 1H NMR (600MHz, CDCl3): δ 7.30 (d, J = 8.4 Hz, 2H), 7.16-7.13 (m,
4H), 7.06 ( s, 1H), 6.99-6.98 (m, 1H), 3.69 (s, 3H), 3.12 (d, J = 15.75 Hz, 1H), 2.84 (dd, J
= 7.4, 1.6 Hz, 1H), 2.0 (d, J = 15.75 Hz, 1H), 1.89 (ddd, J = 9.1,5.1,1.3 Hz, 1H), 1.36(dd,
J = 7.2, 5.1 Hz, 1H);

13

C NMR (600MHz, CDCl3): δ 174.4, 141.9, 134.8, 133.9, 133.0,

130.5,129.3, 128.6, 128.59, 126.7, 126.2, 52.2, 33.4, 31.8, 30.5, 18.2;

Scheme 3.9

Synthesis of methyl 1-(3-methoxybenzyl)-2-(4methoxyphenyl)cyclopropanecarboxylate (46a)

3,4-dimethoxy styrene (50mg, 0.30mmol, 1eq), Methyl 2-(3-chlorobenzyl)-2diazopropanoate (134.8 mg, 0.6mmol, 2eq), Rh2(S-PTTL)3TPA (0.38mg, 3x10-4 mmol,
0.1mol%); Isolated Yield: 52.4%, Minor diastereomer: 1H NMR (600MHz, CDCl3): δ
7.13 (d, J = 6.5 Hz, 2H), 7.07 (s, 1H), 6.98 (d, J = 6.4 Hz, 1H), 6.82 (d, J = 8.5 Hz, 1H),
6.7 (d, J = 7.15 Hz, 2H), 3.88 (s, 6H), 3.69 (s, 3H), 3.12 (d, J = 15.8 Hz, 1H), 2.86 (m,
1H), 2.094 (d, J = 15.8 Hz, 1H), 1.85 (dd, J = 9.16, 5.0 Hz, 1H), 1.34 (dd, J = 7.0, 5.2 Hz,
1H); 13C NMR (600MHz, CDCl3): δ 174.8, 148.8, 148.2, 142.3, 133.8, 129.3, 128.7,
128.6, 126.8, 126.1, 120.8, 112.8, 110.9, 55.9, 52.1, 33.3, 32.4, 30.4, 18.4; HRMS (ESITOF) m/z: [M+Na]+ calcd for C20H21ClO4Na, 383.1021; Found 383.1007
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Scheme 3.10 Synthesis of methyl 1-(3-methoxybenzyl)-2-(4methoxyphenyl)cyclopropanecarboxylate (44, 44a)

Methyl 2-(3-chlorobenzyl)-2-diazopropanoate (100mg, 0.45mmol, 1eq), 4methoxy styrene (120.7mg, 0.9mmol, 2eq), Rh2(S-PTTL)3 TPA (0.57mg, 4.5x10-4mmol,
0.1mol%) solvent: toluene: Isolated Yield: 61%; pentane + 0.5mL toluene Isolated
Yield:65%;Major isomer: 1H NMR (600MHz, CDCl3): δ 7.26 (s, 1H), 7.23-7.19 (m, 2H),
7.16 (d, J = 7.1 Hz, 1H), 7.12 (d, J = 8.5 Hz, 2H), 6.79 (d, J = 8.5 Hz, 2H), 3.77 (s, 3H),
3.64 (d, J = 14.8 Hz, 1H), 3.28 (s, 3H), 2.60 (d, J = 14.8 Hz, 1H), 2.40 (t, J = 8.0 Hz, 1H),
2.0 (t, J = 6.2 Hz, 1H), 1.27 (dd, J = 5.3, 8.8 Hz); 13C NMR (600MHz, CDCl3): δ 171.7,
158.3, 141.5, 134.1, 129.9, 129.5, 129.0, 128.5, 127.1. 126.6, 113.3, 55.2, 51.5, 40.1,
33.2, 31.7, 17.2
Minor Isomer: 1H NMR (600MHz, CDCl3): δ 7.14 (m, 4H), 7.06 (s, 1H), 7.0 (d, J
= 6.6 Hz, 1H), 6.86 (d, J = 8.6 Hz, 2H), 3.81 (s, 3H), 3.68 (s, 3H), 3.13 (d, J = 15.7 Hz,
1H), 2.83 (t, J = 7.9 Hz, 1H), 2.0 (d, J = 15.7 Hz, 1H), 1.86 (dd, J = 9.2, 5.0 Hz, 1H),
1.33 (dd, J = 7.1, 5.1 Hz, 1H); 13C NMR (600MHz, CDCl3): δ 174.8, 158.7, 142.4, 133.8,
130.3, 129.3, 128.7, 128.2, 126.8, 126.1, 113.8, 55.3, 52.1, 33.3, 32.1, 30.4, 18.2; HRMS
(ESI-TOF) m/z: [M+Na]+ calcd for C19H19ClO3Na, 353.0915; Found 353.0902

60

Scheme 3.11

Synthesis of methyl 1-(3-methoxybenzyl)-2-(1-tosyl-1H-pyrrol-3yl)cyclopropanecarboxylate (43)

N-Tosyl-3-vinyl pyrrole46-47, 54 (30mg, 0.12mmol, 1eq), Methyl 2-(3methoxybenzyl)-2-diazopropanoate (79.3mg, 0.36mmol, 3eq), Rh2(S-PTTL)3 TPA
(0.15mg, 1.2x10-4mmol, 0.1mol%); Isolated Yield: 70.5%, Mixture: 1H NMR (600MHz,
CDCl3): δ 7.69 (d, J = 7.4 Hz, 3H, 2 diastereomers), 7.26 (d, J = 7.6 Hz, 3H, 2
diastereomers), 7.18 (t, J = 7.6 Hz, 1H, 1 diastereomer), 7.12 ( m, ½ H, 1
diasteromer),7.9 (m, 1H), 7.09 (m, 1H, 1 diastereomer), 6.99 (d, J = 2.1 Hz, 1H, 1
diastereomer), 6.94 (m, 3/2 H, 2 diasteromers), 6.79 (d, J = 7.5 Hz, 1H, 1 diastereomer),
6.75 ( s, 3/2 H, 2 diasteromers), 6.74 (s, 1H, 1 diasteromer), 6.69 ( d, J = 8.4 Hz, 1H, 1
diastereomer), 6.64 ( m, 1H, 1 diastereomer), 6.15 (s, 1/2H, 1 diastereomer), 6.15 (s, 1H,
1 diastereomer), 3.77 (s, 3H, 1 diastereomer), 3.76 (s, ½ H, 1 diastereomer), 3.7 (s, ½ H, I
diastereomer), 3.64 (s, 3/2 H, 2 diastereomers), 3.6 (d, J = 14.8 Hz, 1H, 1 diastereomer
(major)), 3.2 (s, 3H, 1 diastereomer), 3.10 (d, J = 15.8 Hz, ½ H, 1 diastereomer), 2.54 (d,
J = 8.1 Hz, ½ H, 1 diastereomer), 2.51 (d, J = 15.5 Hz, 1H, 1 diastereomer), 2.39 (s, 4H,
2 diasteromers), 2.11 (d, J = 15.8 Hz, ½ H, 1 diastereomer), 2.07 (t, J = 7.8 Hz, 1H, 1
diastereomer), 1.77 (m, 3/2 H, 2 diastereomers), 1.22 (t, J = 7.0 Hz, 1H, 1 diastereomer),
1.1 (t, J = 5.7 Hz, 1/2H, 1 diasteromer); 13C NMR (600MHz, CDCl3): δ 174.7, 171.5,
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159.5, 159.4, 145.0, 144.7, 141.7, 140.5, 136.1, 135.9, 129.9, 129.8, 129.2, 128.9, 126.74,
126.7, 125.6, 125.3, 121.2, 120.9, 120.3, 119.2, 119.0, 115.1, 114.9, 114.7, 114.4, 111.5,
111.0, 55.1, 55.0, 52.1,51.2, 40.0, 33.5, 33.1, 30.3, 25.1, 24.2, 21.6, 21.5, 19.1, 17.5;
(HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C24H25NO5SNa, 462.1346; Found 462.1332

Scheme 3.12

Synthesis of methyl 1-(3-methoxbenzyl)-2-(4chlorophenyl)cyclopropanecarboxylate (42a)

Methyl 2-(3-chlorobenzyl)-2-diazopropanoate (100mg, 0.45mmol, 1eq), 4-Clstyrene (187.1mg, 1.35mmol, 3eq), Rh2(S-PTTL)3TPA (0.58mg, 4.5x10-4mmol,
0.1mol%), solvent: toluene: Isolated Yield: 42 %, Minor diastereomer: 1H NMR
(600MHz, CDCl3): δ 7.21 (m, 3H), 7.07 (m, 3H), 6.62 (m, 3H), 3.68 (s, 3H), 3.62 (s, 3H),
3.10 (d, J = 15.7 Hz, 1H), 2.74 (t, J = 8.0 Hz, 1H), 1.90 (d, J = 15.7 Hz, 1H), 1.82 (dd, J
= 8.6, 5.0 Hz, 1H), 1.28 (m, 1H); 13C NMR (600MHz, CDCl3): δ 174.7, 159.4, 141.5,
135.1, 132.9, 130.6, 129.0, 128.5, 120.9, 114.5, 111.1, 55.1, 52.2, 33.5, 32.0, 30.6, 18.1;
HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C19H19ClO3Na, 353.0915; Found 353.0902
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Scheme 3.13

Synthesis of methyl 7-(3-methoxybenzyl)-2-oxabicyclo[4.1.0]heptane-7carboxylate (49)

Methyl 2-(3-methoxybenzyl)-2-diazopropanoate (100mg, 0.45mmol, 1eq), 3,4dihydro-2H-pyran (113.56mg , 1.35mmol, 3eq), Rh2(S-PTTL)3TPA (0.57mg, 4.5x10-4
mmol, 0.1mol%), solvent: toluene: Isolated Yield: 42 %, 1H NMR (600MHz, CDCl3): δ
7.18 (t, J = 7.8 Hz, 1H), 6.87 (m, 2H), 6.72 (dd, J = 8.1, 2.2 Hz, 1H), 4.0 (d, J = 7.3 Hz,
1H), 3.8 (s, 3H), 3.75 (m, 1H), 3.57 (s, 3H), 3.43(td, J = 11.3, 3.0 Hz, 1H), 3.37 (d, J =
16.7 Hz, 1H), 2.98 (d, J = 16.7 Hz, 1H), 1.94 (m, 1H), 1.86 (m, 1H), 1.65 (dd, J = 14.9,
6.7 Hz, 1H), 1.54-1.43 (m, 2H); 13C NMR (600MHz, CDCl3): δ 174.1, 159.5, 141.6,
129.0, 120.5, 114.0, 110.7, 64.5, 60.5, 55.0, 51.9, 30.9, 28.9, 22.7, 22.0, 15.0; HRMS
(ESI-TOF) m/z: [M+Na]+ calcd for C16 H20NaO4, 299.1254; Found 299.1266
3.4

Ring opening of Cyclopropanes:
To methyl 1-(3-methoxybenzyl)-2-(4-methoxyphenyl) cyclopropane carboxylate

38 (13.3 mg, 0.04mmol, 1eq), 2.5 mL DCM was added and the solution was cooled to 0
˚C using ice bath. BF3OEt2 (1.2µl, 9.2x10-3mmol, 0.28eq) was added to the cooled
reaction mixture, allowed to stir at 0 ˚C for 1 h and then at room temperature. Reaction
was monitored using TLC and an additional 0.28 eq (1.2µl) of BF3OEt2 was added at
regular intervals until all the starting material was consumed. The solvent was removed
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under vacuum and the residue upon purification using flash column chromatography gave
the aromatized product in 48 % isolated yield.

Scheme 3.14

1

Synthesis of methyl 7-methoxy-4-(4-methoxyphenyl)-2-naphthoate (52)

H NMR (600MHz, CDCl3): δ 8.48 (s, 1H), 7.85 (d, J = 8.8 Hz, 2H), 7.41 (d, J =

8.4 Hz, 2H), 7.29 (d, J = =2.3 Hz, 1H), 7.19 (dd, J = 9.2, 2.4 Hz, 1H), 7.0 (d, J = 8.4 Hz,
2H), 3.97 (s, 3H), 3.95 (s, 3H), 3.88 (s, 3H); 13C NMR (600MHz, CDCl3): δ 167.4, 159.1,
157.8, 140.3, 134.4, 132.4, 131.0, 129.5, 128.9, 127.7, 127.4, 124.0, 120.9, 113.8, 107.2,
55.4, 55.3, 52.2, 29.7; HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C20H18O4Na, 345.1097;
Found 345.1097

Scheme 3.15

Synthesis of (4aR,5s,10bR)-methyl 8-methoxy-3,4,4a,5,6,10b-hexahydro2H-benzo[h]chromene-5-carboxylate(53)
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To methyl 7-(3-methoxybenzyl)-2-oxabicyclo[4.1.0]heptane-7-carboxylate 45
(12.6mg, 0.046mmol, 1eq) in a 10mL flask, 3ml nitromethane was added and the mixture
was cooled to 0 °C using icebath. BF3OEt2 (2.6 µl, 0.21mmol, 0.46eq) was added and
allowed to stir for 2 h. Solvent was removed under vaccum, purification of the crude
using flash column chromatography yielded the desired product in 10% isolated yield.1H
NMR (600MHz, CDCl3): δ 7.15(d, J = 8.4 Hz, 1H), 6.70 (d, J = 8.4 Hz, 1H), 6.54 (s,
1H), 4.29 (d, J = 2.5 Hz, 1H), 3.95 (dd, J = 9.8, 2.9 Hz, 1H), 3.70 (s, 3H), 3.68 (s, 3H),
3.59 (td, J = 9.0, 2.4 Hz, 1H), 3.25 (td, J = 11.3, 5.8 Hz, 1H), 2.94 (m, 2H), 2.02 (dd, J =
11.5, 2.9 Hz, 1H), 1.79 (m, 1H), 1.75(m, 1H), 1.33(m, 1H); 13C NMR (600MHz, CDCl3):
δ 176.0, 159.4, 136.4, 131.5, 128.0, 112.9, 112.8, 75.5, 68.8, 55.3, 51.6, 38.8, 36.5, 32.9,
29.7, 26.4, 21.3; HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C16H20O4Na, 299.1254;
Found 299.1254
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